Summary: Nitrous oxide (N 2 O) is a potent greenhouse gas, which has to be included in national inventories because it is contributing to global warming. It primarily originates from agriculturally managed soils. These represent area sources, which are much more difficult to account for than point sources, such as power plants or industrial sources. The Intergovernmental Panel on Climate Change provides a default emission factor but also the plea for more sophisticated ways of calculating N 2 O emissions from agricultural land use, in particular from industrialized nations. To fulfill this plea, already some approaches developed for use in Germany and elsewhere, which are more process based to a certain degree, have been published. However, these predominately require a high information input for model runs and site-specific calibration. In the present paper, we demonstrate the advantage of an empirical approach. This contribution introduces an approach for estimating N 2 O emissions in a regionally disaggregated manner by calculating emission factors based on 86 empirical measurements of N 2 O fluxes. These emission factors are calculated separately for distinct regions of Germany based on climate characteristics (precipitation and days of frost) and soil aeration. By combining these calculated emission factors with datasets on land use, nitrogen input, climate characteristics and soil, the N 2 O emission fluxes for Germany are estimated in a spatially disaggregated manner at the county (Landkreis) level, only accounting for agricultural land use and excluding forest and urban areas. This approach yields an emission estimate of 53.38 Gg N 2 O−N. For comparison purposes, this contribution also estimates N 2 O emissions using a spatially disaggregated version of the IPCC guidelines to determine emissions for the national greenhouse gas inventories, which results in an estimated emission of 35.70 Gg N 2 O−N for Germany. The results of these emission estimates suggest that the N 2 O emissions from agricultural land use are underestimated in the official national greenhouse gas inventory if the simple, single-emission-factor based method is used. 
Introduction
Nitrous oxide (N 2 O) is one of the four major greenhouse gases responsible for anthropogenic global warming and the major agricultural greenhouse gas. It contributes a radiative forcing of 0.16 ± 0.02 W/m 2 , which corresponds to 6% of the total radiative forcing by long-lived greenhouse gases, and is involved in stratospheric ozone depletion (IPCC 2013; crutzen 1970) . One third of the agricultural N 2 O emissions of are direct emissions from agriculturally used soils (moSier et al. 1998) , and the N 2 O emissions from agricultural soils are a major source of the uncertainties in the German greenhouse gas inventory. Most of the N 2 O emissions in soils result from the processes of nitrification and denitrification (bremner 1997, 12) . In agricultural soils, the supply of reactive nitrogen required for both processes is normally highly increased by fertilization. FireStone and DaviDSon (1989) have conceptualized the processes of N 2 O release from soils by introducing the "Hole-in-the-Pipe Model". The processes of nitrification and denitrification are represented as pipes in which NH 4 + is oxidized to NO 2 -or NO or NO 2 -is reduced to N 2 , respectively (bouwman 1998). The rate of flow through the pipes is dependent on the supply of reactive nitrogen . N 2 O escapes through holes in these pipes during both processes. The size of these "holes" is dependent on (a) soil parameters such as carbon content, soil pH and soil texture and (b) environmental conditions. Environmental conditions that are well known to have a clear influence on the production of N 2 O in soils are (a) freezing-thawing cycles (teepe et al. 2001 ) and (b) dry-wet cycles (DaviDSon et al. 1993) . N 2 O fluxes from spoil are dependent on N 2 O production and N 2 O consumption, which usually occur concurrently, particularly in highly structured soils. Consequently, N 2 O emissions frequently exhibit extreme spatial and temporal variability (röver et al. 1999) , which cannot be explicitly predicted spatially. Frequently, peak emission events determine more than 50% of the annual emission rate (papen and butterbacH-baHl 1999; teepe et al. 2000) . In order to reduce the uncertainty of greenhouse gas inventories, research efforts therefore have to concentrate on these peak emission events, mainly using statistical probability, and introduce as many independent approaches as possible. The Intergovernmental Panel on Climate Change (IPCC) published guidelines for national greenhouse gas inventories in 2007 (IPCC 2007) . For N 2 O, the IPCC has introduced a multitiered approach. Tier 1 uses default emission factors in combination with country-specific activity data. For example, a static proportion of the applied reactive nitrogen is assumed to be emitted as N 2 O. This tier is used when neither country-specific emissions factors nor activity data are available. This approach has obvious limitations because environmental factors are not considered at all. If rigorously documented, country-specific emission factors are available, they should be used; this represents a Tier 2 approach. Tier 3 approaches are modeling or measurement approaches that do not involve emission factors. Due to the high spatial variability of these environmental conditions, approaches that do not consider the variability of the spatial distribution of environmental factors determining the emissions, such as the Tier 1 approach, are unlikely to be useful for mitigation efforts (Freibauer and kaltScHmitt 2003) . Therefore, the knowledge that the N 2 O emission factors are not randomly distributed, but dependent on soil and climate characteristics have to be implemented consequently. This study presents an approach for estimating the N 2 O emissions from agriculturally used soils in Germany on a national level in a regionally disaggregated manner in accordance with patterns found for the N 2 O emissions when referring to soil and climate characteristics. Using regionalized emission factors based on climate and soil properties, this approach represents a Tier 2 approach for estimating N 2 O emissions that should provide more accurate emission estimates because it is adapted to local mean climate conditions and soil aeration. This approach is based on the work of JungkunSt et al. (2006) which was a compilation of available empirical measurements. In this respect, this approach is related to the work of DecHow and Freibauer (2011) , who used empirical measurements to develop a model based on weather, soil properties and management using fuzzy sets, a more complex approach than the one taken in this work. It requires more input variables, which could be applied to different years when compared with this approach, and therefore exhibits greater flexibility. However, it is unclear if these input parameters are available everywhere at any time in a meaningful resolution. In any case, many different approaches are currently desirable, and if they provide similar results, it will strengthen empirical approaches. Empirically based approaches stand in contrast to process-based modelings, such as DNDC (li 2000) , DAYCENT (parton et al. 2001) , ecosys (grant and pattey 1999) or CANDY (Franko et al. 1995) , which represent Tier 3 approaches. Process-based models have also been used to estimate N 2 O emissions at national and regional levels, for example DNDC in carDenaS et al. (2013) , DNDC-Europe in leip et al. (2011b) and LandscapeDNDC in HaaS et al. (2013) . In contrast to DNDC's regional mode, LandscapeDNDC simulates the single-site submodels for each time-step simultaneously instead of on a site-by-site basis; this allows two-way coupling to other regional models during each synchronized timestep.
In this paper, emission factors are calculated for different soil aeration levels and three distinct climatic regions of Germany based on 86 empirical N 2 O emission measurements taken at 30 locations throughout the country. Because this approach uses soil aeration and climate characteristics, which are ecosystem characteristics, it can be considered an "ecosystem approach" (matSon and vitouSek 1990; baretH et al. 2001; baretH and glatzel 2006) , which combines spatial datasets on land use, fertilizer utilization, and soil type and climate conditions. The key objective of this paper is therefore the introduction and presentation of a new method for estimating nitrous oxide emission factors at landscape to regional scales that should also provide an estimate of the total emissions as used in national greenhouse gas inventories. Furthermore, by calculating different scenarios based on realistic assumptions on climate and soil parameters, it should allow elucidation of the potentially most efficient mitigation options. According to leip et al. (2011a) , such estimates should be a focus of research because not many emission estimates are available on a regional level. Consequently, we are certain that taking spatial distribution of nitrogen input and emission factors into account is necessary, and therefore our objective is to demonstrate that a spatial disaggregation of emission factors in an ecological manner will aid in the reduction of national greenhouse gas inventories. In addition to other approaches, it will indicate how to deal best with the temporal and spatial unsteady nature of N 2 O emissions for more accurate regional estimates.
Data and methodology

Data
The estimation of regionalized N 2 O emissions by means of the approach presented in this paper depends on and requires the use of a multitude of spatial datasets:
To determine the areas of agricultural land use, the land cover dataset created by the "IMAGE & CORINE Land Cover 2006" project was used. It provides land use data for Europe in 44 classes with minimal mapping units of 25 ha and was derived from satellite images obtained by Landsat 7, IRS-P6 LISS III, SPOT-4 and SPOT-5 (keil et al. 2011) . The "VG250" dataset that is provided by the German Federal Agency for Cartography and Geodesy contains the administrative boundaries in Germany and was used for the regionalization along administrative boundaries, i.e. the boundaries of the federal states of Germany. For the regionalization based on climatic characteristics, two climate datasets provided by the German Weather Service (DWD) (DWD 1999; DWD 2001; DWD 2003) were used: The 30-year average precipitation in mm/m 2 for the period of 1961-1991 with an accuracy of 1 mm as well as the days of frost (minimum temperate <0 °C ) per year for the period of with an accuracy of 0.1 days. The Soil Map of Germany 1:1 000 000 (BÜK1000) was used to disaggregate with respect to soil properties. In it, the soils of Germany are classified into 71 soil mapping units (HartwicH et al. 1995) . Data on nitrogen fertilizer usage was provided by the Thünen Institute (TI), an institution of the German Ministry of Food, Agriculture and Consumer Protection. This dataset provides the quantity of nitrogen-based fertilizer utilized in Germany on a district level, separated by fertilizer type. This dataset is based on the quantity of nitrogen fertilizer sold per state, which was broken down onto the district level using a simple key based on the spatial distribution of cultivated plants and their typical fertilizer requirements, as described in röSemann et al. (2011) . Figure 1 shows the quantity of fertilizer input per hectare of agricultural land use for each district of Germany.
The source of the datasets concerning the atmospheric deposition of nitrogen is the work of gauger et al. (2008) (for the years 1995, 1997 and 1999-2004) and gauger (2010) (for the years [2005] [2006] [2007] . Both datasets provide (amongst other deposition loads) total atmospheric nitrogen deposition separately for nine land use classes derived from the CORINE Land Cover classes. In this paper, the deposition datasets for the land use "agricultural areas" will be used. Figure  2 shows the atmospheric deposition of nitrogen for agricultural land use in Germany for the year 2007.
Methodology
The emission measurements on fertilized fields summarized by JungkunSt et al. (2006) (2006) were not considered if nitrogen input was only spec- One only considers the fertilizer nitrogen input, and the other additionally includes N 2 O emissions due to atmospherically deposited nitrogen, which varies relevantly across Germany (Fig. 2) . Therefore, regional variations were expected because of differing nitrogen input due to atmospheric deposition, even though this might not have a large effect on the total emission sums for Germany. The different types of fertilizer were summed up to an annual total nitrogen input per district. The emission factors, including the atmospherically deposited nitrogen, were calculated by adding the deposition values of the year in which the measurements were made (provided by gauger et al. (2008) and gauger (2010)) to the fertilizer nitrogen input. In this context, the total nitrogen input can be related to the measured N 2 O fluxes. This contribution does not consider background emission fluxes as specified by bouwman (1996) because atmospheric deposition of nitrogen impedes the detection of background emissions and recent research suggests that actual natural forests emit very little N 2 O, even though they receive nitrogen input from atmospheric deposition (JungkunSt et al. 2012) .
The locations of the measurement sites as well as the three regions defined by the climate-based disaggregation are shown in figure 3 .
The regionalization based on soil aeration distinguishes between well-aerated soils and soils that exhibit redoximorphic properties. Fluvisols, Gleysols and Stagnosols have been classified as redoximorphic soils (34 measurements fall into this category); all others have been classified as well-aerated soils (56 measurements). Independently of climatic regions, the redoximorphic soil show a rather narrow variation of emission factors (JungkunSt et al. (2006) and this study). This is comprehensible because the N 2 O emissions by soils are more directly dependent on actual soil conditions, particularly on soil aeration (DaviDSon and vercHot 2000), which is mainly driven by the prevailing soil water condition, rather than on the mean climatic conditions. Consequently, we calculated the mean and median emissions factors of the dataset in a two-tier hierarchy. First, the dataset was partitioned into samples taken at sites with redoximorphic soils and samples taken at sites with soils that are well-aerated. In a second step, the dataset of the samples with well-aerated soils was divided into three climate classes to regionalize the emissions based on climate conditions using temperature and precipitation to divide Germany into three regions in accordance with JungkunSt et al. (2006): 1. Cold: ≥ 100 days of frost per year (25 measurements belong to this class) 2. Warm-Wet: < 100 days of frost and ≥ 600 mm precipitation per year (21 measurements) 3. Warm-Dry: < 100 days of frost and ≤ 600 mm precipitation per year (10 measurements)
Figures 4 and 5 show the distribution of the measured emission factors for the different classes both for emission factors calculated from fertilizer nitrogen input and for emission factors calculated from fertilizer and atmospheric deposition nitrogen input (the upper and lower bounds of the boxes are the first and third quartile, the black bar shows the median, and the whiskers show the minimum and maximum data points, except in the presence of outliers; then they show the smallest and largest datums within 1.5 times the interquartile range, and outliers are plotted separately). The statistical analysis of the emission measurements results in the median and mean emission factors shown in table 1.
Using a Kruskal-Wallis ANOVA test, it was determined that the class "redoximorphic soils" is significantly different from the class "well-aerated soils", with a p-value < 0.005. This was true for both the emissions relating only to fertilizer nitrogen input and those relating to both fertilizer and deposition nitrogen input. The "Cold" class was determined to be significantly different from both the "Warm-Wet" and the "Warm-Dry" classes (p < 0.005), but the two "Warm" classes are not significantly different from each other. The median values of the emission factors for each class were used in the regionally disaggregated estimations of the N 2 O emissions presented in the next paragraph.
To achieve our main objective of estimating the sum of N 2 O emissions from agricultural land use and their spatial distribution in Germany, two variants of a calculation model were developed with the ArcGIS ModelBuilder. The variants were:
1. Regionalization based on the soil aeration and climate classifications, using both fertilizer and atmospheric deposition nitrogen input 2. Regionalization based on the soil aeration and climate classifications, using only fertilizer nitrogen input
As a first step common to all variants, all features representing agricultural land use were selected from the CORINE Land Cover dataset. These features were then intersected with the VG250 dataset, which contains the administrative boundaries. In the next step, the nitrogen input per hectare of agricultural land was determined. The quantity of fertilizer used was determined by dividing the total quantity of fertilizer used in individual districts by the area of agricultural land of each district. For the model modification that took the atmospheric nitrogen depositions into account, zonal statistics were applied to determine the mean nitrogen deposition per hectare for each district's agricultural land. The quantity of deposited nitrogen was simply added to the quantity of fertilizer used per hectare of agricultural land; this resulted in the total quantity of nitrogen input per hectare of agricultural land for each district in Germany. The emission factors presented in table 1 for soil type, and climate data were used to estimate the N 2 O emissions. To obtain the soil type regionalization, the BÜK1000 dataset was intersected with the data. The following 16 of the 71 soil mapping units of the BÜK1000 were classified as redoximorphic: 6: Eutric Histosols, 7: Dystric Histosols, 8,10,11,12 Fluvisols / Gleysols, 9: Gleyic Chernozems, 22,23,43: Stagnic Gleysols, 24: Stagnic Chernozems, 28: Spodo Stagnic Cambisols / Stagnic Podzoluvisols, 47: Eutric Cambisols / Stagnic Gleysols, 48: Stagnic Gleysols / Eutric Cambisols / Haplic Luvisols, 56: Dystric Cambisols / Stagnic Gleysols, 64: Stagnic and Spodic Gleysols. They were chosen because all these soil units feature large areas of soils that are influenced by groundwater or water logging conditions, and therefore exhibit redoximorphic features. The other soil mapping units were classified as well-aerated. For the climate data, a raster data- set representing the three climate classes was generated. This was achieved by combining the datasets of the 30-year average precipitation and the frost days using a nested map algebra script. This script determines the climate class to which each raster cell belongs by checking the frost days and precipitation values against the thresholds defined by the class definition:
Con("% f r o s t %" >= 1000 ,1 ,Con("% prec%" >= 600 ,2 ,3))
To combine this raster dataset with the previously generated vector dataset containing land use, administrative borders and nitrogen input, it had to be converted into a vector dataset and then intersected with the data. At this point, all the data that was necessary to estimate the N 2 O emissions in the intended regionally disaggregated manner had been collected.
Next, a hierarchy of emission factors had to be developed. Based on the results showing the independence of soil aeration on climatic conditions, soil aeration had been chosen as the primary factor for determining which emission factor to choose: If the soil type is redoximorphic, the emission factor for the class "Redoximorphic Soils" was used. Otherwise, the emission factor of the respective climate class was used to calculate the emissions.
In a final step, the area of each feature was multiplied with the N 2 O emissions per hectare (calculated in the previous step) to determine each feature's estimated N 2 O emissions per year. This is necessary in order to estimate the total N 2 O emissions from agricultural land use in Germany.
In order to be able to compare our data to the national greenhouse gas inventories published by the member parties to the United Nations Framework Convention on Climate Change (UNITED NATIONS 1992), the annual direct N 2 O-N emissions produced by managed soils were also estimated. This was achieved by regionally disaggregating the respective part of the Tier 1 guidelines to determine N 2 O emissions from managed soils (IPCC 2007) . According to these guidelines, nitrogen inputs from the following sources had to be considered for direct N 2 O emissions:
• synthetic nitrogen fertilizers • organic N applied as fertilizer • urine and dung N deposited by grazing animals on pasture, range and paddock • N in crop residues • N mineralization associated with loss of soil organic matter • drainage/management of organic soils
To facilitate a comparison with the climate and soil-aeration based approach and for reasons of data availability, only the first two and the last of these nitrogen sources where considered in this comparatively simple approach. For Germany, only two emission factors are relevant: EF 1 for N 2 O emissions from nitrogen inputs to soils, with a value of 0.01, and EF 2 for drained or managed organic soils. For EF 2 , the value of 5.8 kg N 2 O-N/ha that was suggested by couwenberg (2009) was used instead of the default value from IPCC (2007), which is 8 kg N 2 O-N/ha. To allow this calculation, the features representing agricultural land use were again intersected with the VG250 dataset and the BÜK1000 dataset, and then combined with the fertilizer use dataset. In a second step, the quantity of nitrogen used per hectare was calculated. This estimate accounts for direct N 2 O emissions by both organic and mineral soils, by multiplying the nitrogen input due to fertilizer use per hectare (for non-organic soils) and the area (for organic soils) by the respective emission factor. Indirect N 2 O emissions were not considered by this approach because the IPCC guidelines attribute indirect N 2 O emissions from deposited nitrogen to the location where the nitrogen was originally volatilized, a process for which no data is readily available. Figures 6 and 7 show a visualization of the results of the regionally disaggregated estimation of N 2 O emissions using the main variants of the two presented approaches. Figure 6 shows a clear similarity to figure 1. This can be explained by the fact that, apart from the specific emission factor for organic soils, the estimated emissions are proportional to the district-level fertilizer use: For each district, a distinct emission-per-hectare value can be seen. In figure 7 , more information was used to estimate the emissions. The highest emissions are found in the south of Germany, in the region covered by the "Cold" climate class. Another notable feature that is visible on the map is the lower emissions in the regions covered by redoximorphic soils, mainly visible in eastern and southern Germany. This is a result of the lower emission factor for the class "Redoximorphic Soils" when compared with the other classes, cf. table 1. The strong difference in estimated N 2 O emissions between Schleswig-Holstein and Mecklenburg-West Pomerania can be explained by the fact that the quantity of nitrogen fertilizer applied to the soils differs drastically between the two regions, as can be seen in figure 1: There is a difference of 50-100 kg N/ha between the federal states of Schleswig-Holstein and Mecklenburg-West Pomerania. Table 2 shows the aggregate N 2 O emissions for all of the variants developed in this contribution and the N 2 O emissions due to managed organic soils and fertilizer use that were reported in the national greenhouse gas inventory in 2011. Uncertainties for the estimates made in this contribution are also shown: These are the upper and lower boundaries of the calculated emission values, and are based on using the upper and lower boundary of the 0.95 confidence interval of the different climate and soilaeration class emission factors. These uncertainties should provide some rough guidance on the estimated values; however, the uncertainties of the input data such as land use, soil classification etc. cannot be quantified correctly.
Class
The estimated emission sums from the disaggregated IPCC methodology only differ by 7.2% from the sums reported in the national greenhouse gas inventory. This small discrepancy can be explained by the following facts:
Mineral fertilizer data: the official inventory uses the current data on the quantity of mineral fertilizer sold in Germany provided by the Federal Statistical Office (not available in a spatially disaggregated format) and also considers nitrogen losses due to NH -3
and NO emissions (UMWELTBUNDESAMT 2013, 458) Organic fertilizer data: the official inventory calculates the quantity of organic fertilizer based on the number of livestock kept by farmers (UMWELTBUNDESAMT 2013, 458) Different emission factors used in the national greenhouse gas inventory (the inventory uses the value of 0.0125 (IPCC 1997) for EF 1 , the emission factor for nitrogen input, and the value 8 for EF 2 , the factor for managed organic soils (IPCC 2007) ; in this paper, the values of 0.01 from IPCC (2007) for EF 1 and 5.8 for EF 2 from couwenberg (2009) are used) Table 3 shows the aggregate sums and average emission fluxes for Germany's states when estimating the N 2 O emissions using the variant that classifies by climate class and soil aeration and takes both fertilizer and deposition nitrogen input into account. The uncertainty shown is again the upper and lower boundary of the emissions when calculating using the upper and lower boundary of the 0.95 confidence interval of the respective class of emissions factors, instead of the median emission factor.
Discussion and conclusion
The basic approach of this study, i.e. without any assumptions as to soil and climate impact, estimates the total emissions for Germany to be 35 Gg N 2 O-N per year, which is comparable to the results of the national inventory, i.e. 40.66 Gg (UMWELTBUNDESAMT 2013, 469). As explained above, the discrepancy is because some sources of reactive nitrogen were not included in this study. Therefore, we are basically dealing with the same database, and as a result the scenarios of climate and soil impact are directly comparable. The variation of regionally specific results provide the basis for general discussions within the scientific communities on how realistic they may be. Such an analysis, i.e. comparing different scenarios allows elucidation of potential additional mitigation options, which may then be implemented by political decisions. Additionally, regions in which additional measurement would be most effective to improve both the inventory and process understanding can be identified. The emission values for the soil-and climatebased regionalization are significantly higher (i.e., by a factor of roughly 1.7) than the compiled results of the regionally disaggregated IPCC methodology. This can be explained by the fact that the emission factor suggested by the IPCC is lower than all of the calculated emission factors except for the emission factor for the "Redoximorphic Soils" class.
The differences between the estimate when regionalizing by soil aeration and climate classification and the estimate resulting from the disag- inputs (which are only available at a district level, explaining the different emission levels shown per district) and whether or not the soil is classified as organic soil (visible through the high-emission areas in Brandenburg). In contrast, the climate and soilaeration based estimate exhibits a higher degree of regionalization, especially in areas such as the one shown in the figure, in which the borders of the different climate classes meet. The most apparent discrepancies resulted from the relevantly higher emission factor for the "Cold" class in the regionalization. At least since the publication by Freibauer and kaltScHmitt (2003) , the core region around the state of Bavaria and adjacent regions of other states are "suspected" to exhibit higher emissions than the rest of Germany. This repeating pattern is not that surprising since the studies of kaiSer and ruSer (2000), JungkunSt et al. (2006) and DecHow and Freibauer (2011) rely on numerous identical studies, which are additionally clustered at the Scheyern site (FleSSa et al. 1995; DörScH 1999; ruSer et al. 2001; SeHy et al. 2003) . Even though each additional measurement site confirmed the high emission values for this "Cold" region, we highly recommend more dispersed measurements in this region. Actually, most of these sites did not emit a higher proportion of its annual emissions during the winter than sites in the other regions do. Therefore, more intensive frost-thaw events are unlikely to be the only causative factor. Apparently, the summer emissions are also higher for that region. If this pattern was to be repeatedly confirmed, we may clearly concentrate with elaborating mitigation options potential for Germany in this "Cold" region. The other apparent discrepancy is the result of different emission factors that were applied for managed organic soils, which is most visible by the welldelineated areas with emissions > 5 kg N 2 O-N per hectare in northern Germany. The IPCC methodology ignores nitrogen input and assumes a fixed emission value for such soils. Whether or not one emission factor really fits to all organic soils should be further investigated. At least it would fit to the result of this study found for the redoximorphic soils, which are related to the organic soils. It is logical that highly water saturated soils do not exhibit a high dependency to climate conditions in Germany. However, it is surprising that organic soils are defined as high emitting sites, whereas redoximorphic ones exhibited the opposite. This is another important issue that was identified here, and we again highly recommend studies on N 2 O emission dynamics under changing high water saturation by comparing mineral and organic water logged soils under agricultural use. The underlying processes should be identified in more detail.
In the future, results could be improved with better input data. This could be, e.g., better soil data such as the upcoming German-wide BÜK200 with a scale of 1:200 000 or a land-use dataset with a higher precision. Furthermore, increasing the sample size of the emission measurements would result in emission factors that are more representative.
The comparison with process-based models as EFEM-DNDC by neuFelDt et al. (2006) Saxony, which is within 1% of the estimate made in this paper. The difference can be explained by the fact that LandscapeDNDC not only accounts for direct N 2 O emissions from agricultural soils due to fertilization and deposition of nitrogen, but also accounts for indirect emissions from grazing and residues (HaaS et al. 2013, 626) . However, the spatial distribution of their results only partially matches that seen for our results, as shown in the top part of figure 8: Hotspots exhibiting high emission rates are found in areas with high soil organic carbon content according to the BÜK1000. Within the area covered by the "Warm-Dry" climate class, these high-SOC areas match the areas classified as wellaerated in this work, where a higher-emission factor is used. In contrast, the areas of highest emissions in the estimate made in this work are the areas in the south of Saxony that lie within the "Cold" climate class, and these do not match any emission hotspots in the paper by HaaS et al. (2013 ). manDer et al. (2010 employed an approach that is similar to the one presented in this work. They calculated median emission values per hectare for different land-uses and soil types using data from 950 study sites/experiments, and estimated N 2 O and CH 4 emissions for Estonia using GIS map algebra. However, they did not take differences in nitrogen input and climate characteristics into account, but only used the soil type and land use. Their median rate of N 2 O-N emissions of 1.4 kg per hectare of arable land is significantly lower than the overall average of N 2 O-N emissions of 2.81 kg N 2 O-N estimated in this paper. However, if one considers the more maritime climate of Estonia, it could be mostly related to the northwest of Germany, and the emission rate there was lower than the national average, 2.24 kg N 2 O-N per hectare for Lower Saxony. Beyond that, it should be noted that manDer et al. (2010) did not consider any differentiation in the amount of fertilizer applied which highly limits comparison with results presented in this paper.
The results of DecHow and Freibauer (2011) also suggest that emissions on agricultural soils are strongly influenced by climate and soil properties. Their mean annual emission level from agricultural lands is 40 Gg N 2 O-N. For croplands, their results show high N 2 O emission rates in the southern part of Germany, comparable to the high-emission "Cold" region of this contribution. However, their results suggest differentiation between emissions from grasslands and croplands, a distinction we do not explicitly make in this contribution, because grasslands and redoximorphic soils are linked in this dataset. More data on redoximorphic croplands and well-aerated grasslands would be advantageous. At the very least, we have to find out if it is grass that reduces N 2 O emission or the redoximorphic processes in the soils.
Generally, emissions should not only be related to area, but also to agricultural yield, i.e. how many kg N 2 O per J of food has to be discussed. This would better facilitate interstate comparisons of emissions (Tab. 3). However, data availability is a limiting factor in this context. Preliminary calculations, which we made using the data that are available from STATISTISCHES BUNDESAMT (2013), suggest that drastically different outcomes in a comparison of states based on emissions per crop yield should not be expected.
Like process-based models, the presented approach offers the opportunity to estimate emissions from different scenarios, by substituting the measured climate or land-use data with projected data. But compared to process-based models the advantage of our approach is that less input data are required, since many (especially spatial) data are often not available. Hence, alternative scenarios for land-use change and climate-change can be computed more easily. The analysis of the results and the comparison to other, more process-based projections will push the scientific discussions and policy decisions forward. 
